I. INTRODUCTION

W
ITH THE rapid development of personal computers (PCs) and the desire of users to transmit/receive information between PCs over the air, the WLAN nowadays has been widely applied for many aspects. Since 1999, the WLAN standards including IEEE 802.11a/b/g systems were established by IEEE 802.11 Group. In U.S., the 802.11b/g WLAN standards are used for the frequency range from 2.4 to 2.4835 GHz as the 802.11a standards are used from 5.15 to 5.35 GHz (indoor) and 5.725 to 5.825 GHz (outdoor). In the practical applications, the 802.11b system was first implemented utilizing the direct-sequence spread spectrum (DSSS) modulation scheme with the data rate up to 11 Mbps, yet the 802.11g system for higher transmission data rate (up to 54 Mbps) was done later through the same frequency band as the 802.11b but with orthogonal frequency division multiplexing (OFDM) modulation scheme. Being a key component of the wireless network system, the antenna has gotten so much attention and improvement, especially in capability and size. Various antennas designed on the printed circuit board (PCB) have been proposed for 802.11b/g systems with 2.4 GHz band, e.g., the hook-like radiation strip [1] and the inverted-F antennas [2] - [4] . To enhance the communication capacity of a unit cell, a combo system with 802.11a/g or 802.11a/b/g standards is presently developed. In this combo system, the antennas are like transceivers operating in both 2.45 and 5.25 GHz frequency bands but the space allocated for the antennas is usually quite limited, particularly for those at the client terminal (PCMCIA or USB interface). In order to minimize the antenna size, a dual-band antenna with a single input port is needed. This antenna should not only have good input impedance match but also offer proper antenna gains (with peak gain larger than 0 dBi) and radiation patterns as omnidirectional as possible for both 2.45 and 5.25 GHz bands to at least satisfy the dual-band indoor application. Many dual-band antennas have been proposed in the literatures [5] - [20] . Some of these designs use two similar resonators to achieve dual-band operations, such as double inverted-F antenna [5] , [6] , dual U shaped monopole [7] , F shape monopole (double-L monopole) [8] - [11] , open loop coupled monopole [12] , monopole with parasitic plane [13] , and double-T monopole [14] . And some of these designs use a single block antenna with multiple resonant modes to achieve dual-band operations, such as tapered bent folded monopole [15] , meandered CPW-fed monopole [16] , L-shaped monopole [17] , G-shaped monopole [18] , T-shaped monopole with sleeves [19] , and flat plate antenna with shorted element [20] .
The conventional printed inverted-F antenna (PIFA) is widely used because of several advantages such as making up with ease, matching the input impedance with no outer circuit, having omnidirectional pattern, etc. However, its length is limited to be a quarter wavelength of the operating frequency, which usually occupies quite a few amounts of space in PCB. Besides, the single inverted-F antenna can only be operated at the certain resonant frequency, which is unable to supply the market need of dual-band or triple-band applications. To solve these problems, in this paper, we propose two PIFA related structures by means of spiraling an inverted-F antenna [as Fig. 1(a) ] which achieves dual-band operation by one resonator, and modifying the inverted-F antenna to a coupled structure Fig. 1(b) which achieves dual-band by two resonators in both 2.45 and 5.25 GHz frequency bands. Both the antennas are designed on the FR4 substrate with 0.8 mm thickness for commercial usage.
The operating principle and measurement results, e.g., the frequency responses of input return losses and radiation patterns at various frequencies, of the former antenna are presented in Section II, while of the latter antenna are presented in Section III. 
II. DUAL-BAND SPIRALED PIFA
The first PIFA-related miniaturized dual-band antenna is the spiraled PIFA [as Fig. 1(a) ]. The spiral inductor loaded on the antenna can both realize dual-band operation and miniaturizes the size of the conventional inverted-F antenna. The chosen ground width is 46 mm compatible for PCMCIA interface. The antenna placed near the edge of ground plane is possible for antenna diversity. In this section, the effect of the spiral is discussed and the circuit model is also developed for analyzing.
And in Fig. 2 (a), there is a typical inverted-F antenna implemented on a printed circuit board. For this inverted-F antenna, the microstrip feed line is connected to a horizontal metal line with one end short-circuited to the ground and the other end open-circuited. The metal line and the ground plane form a quasi transmission line. It is easy to derive that as the total length of this quasi transmission line equals a quarter of wavelength, the input reactance vanishes due to the resonance of the inductor-like short-circuited line and the capacitor-like open-circuited line. The corresponding return loss simulated by the commercial EM simulator IE3D [21] is presented as the curve in Fig. 3(a) . Here, the length of the horizontal metal line is designed as a quarter wavelength of the fundamental frequency 2.45 GHz, so that a deep resonance occurs at that frequency with return loss larger than 20 dB. It is noticed that another resonance presents at the frequency around 7.35 GHz, which is the triple of the fundamental frequency.
In order to demonstrate how the spiral works, a number of spiraled inverted-F antennas were also simulated. A set of spiraled inverted-F antennas (as Fig. 2 ) with the total length of the metal line kept similar and spiraled gradually were designed. The total length of the strip from short point to open end in Fig. 2(a) is 25.5 mm. The fundamental resonant frequency of these antennas should remain about the same, which can be verified from the simulated return losses shown in the curves a-d of Fig. 3(a) . As a matter of fact, the return losses of the four antennas are all better than 15 dB, except for the variation of the bandwidth.
However, it is also found that the frequency of the second resonance becomes lower as the antenna tail is spiraled more. The second resonant frequency shrinks to about 71% (from 7.35 to 5.25 GHz) when the antenna structure is changed from the conventional PIFA of Fig. 2(a) to the spiraled one of Fig. 2(d) .
The miniature antenna always encounters the problem of the efficiency, especially for the lower operation band. The simulation of antenna efficiency around 2.45 GHz is shown in Fig. 3(b) . It can be found that the efficiency is almost the same (about 70%) for the four antennas shown in Fig. 2 . The degradation of efficiency is under 5% in the required bandwidth. It means that the additional loss induced in this miniaturized antenna design is negligible. The invariance of the efficiency may be due to that a large ground plane with length larger than a quarter wavelength is used. (Note that the ground plane is a part of the antenna, on which the induced current contributes to the radiation performance of the antenna.) However, the bandwidth of the 2.45 GHz band shown in Fig. 3 (a) becomes narrower with the smaller antenna size. This can be attributed to the increasing of antenna quality factor due to the antenna size [22] . The efficiency of the well matched spiraled inverted-F antenna around 5.2 GHz is about 50%, which is lower than that (70%) of a typical PIFA designed at the same frequency. In the 5 GHz band, the proposed antenna operates at the high order mode with three quarter wavelength resonance. The current flows in the spiral with different directions, thus reducing the radiation efficiency of the antenna.
For conceptually understanding the frequency reduction effect of the second resonance, a brief equivalent circuit model for the spiraled PIFA is proposed as shown in Fig. 4(a) , where the PIFA is modeled as a short-circuited transmission line of length in shunt with a transmission line of length loaded by an effective radiation resistance . An inductor is inserted in the end of the open-circuited transmission line in order to take account of the spiraling effect of the antenna tail and the parasitic inductance of the transmission line. In addition, a parasitic capacitor shunt to ground for fringe field is considered in the open-end transmission line. The input admittance is (1) where and denote the characteristic admittance and phase constant, respectively, of the transmission line. The admittance can be written as
The input reflection coefficient , or the return loss, can thus be calculated from (3) Fig. 4(b) illustrates the calculated return losses, functions of frequency, for the equivalent circuit model of the spiraled antenna. The characteristic impedance is 180 , which is about the EM-simulation value of the characteristic impedance for the antenna's quasi transmission line portion. The electrical length is set as and at 2.45 GHz. The total electrical length is around quarter wavelength at 2.45 GHz. Consider the small parasitic capacitor to be 0.13 pF as fringe field. The effective radiation resistance is around 150 . The inductor is related to the spiraled strip, which is the dominant factor of the model. From the intuition, its value should increase as the strip is spiraled more. However, since the inductance caused from the spiraling is distributed in the structure, it is hard to extract from the EM simulation. In this study, this inductor was chosen as 3.7, 6, 8, and 12 nH for the antennas (a) to (d) in Fig. 2 , respectively, so as to fit the EM-simulation results Fig. 3(a) of the antennas.
One can observe from Fig. 4 (b) that in the frequency span, two resonances are generated by each circuit. The higher resonant frequency at 7.35 GHz moves towards the lower frequencies of 6.5, 6, and 5.25 GHz, although, at the same time, the lower resonant frequency is remained around 2.45 GHz. Finally the specified dual-band operation is achieved by only one resonator. The results resemble those of the spiral antennas quite well, meaning that the equivalent circuit model including the value-changing inductor does explain the frequency characteristics of the proposed dual-band antennas.
The spiral PIFA of Fig. 2(d) [or Fig. 1(a) ] was fabricated on an FR4 substrate with thickness 0.8 mm. The ground size of the substrate is set as . The antenna occupies an area of , which is only 50% of that of the PIFA without spiraling. The others parameters are , , and both the width and gap of spiral . Fig. 5 shows the measured return loss corresponding to the EM simulated one. Both results agree each other quite well. The measured 10-dB bandwidth is 140 MHz centered at 2.45 GHz and 756 MHz at 5.25 GHz.
The measurement radiation patterns of the antenna are presented in Fig. 6(a) for 2.45 GHz and Fig. 6(b) for 5 .25 GHz. Comparing with the conventional antenna (not shown here), the 
III. DUAL-BAND COUPLING PIFA
The second PIFA-related antenna introduced in this paper is one with a coupling configuration as illustrated in Fig. 1(b) . The size of the conventional PIFA is limited by the large inverted-L structure. This length can be reduced by cutting part of the inverted-L's tail and then connecting a shunt capacitor with suitable capacitance. In this section, we use a printed capacitor, instead of a lumped capacitor, to accomplish the goal. Fig. 1(b) depicts the PCB layout of the design. For a start, let the end of the large inverted-L connect to the top of the PCB by a via and bend downwards. Then stretch a small portion of the ground plane on the bottom to make a gap or overlap region with the downwards bending end. This produces an equivalent capacitor with one terminal connected to the end of the inverted-L and the other to the ground. The capacitance can be adjusted by changing the size of the gap or overlap region.
Instead of a direct contact, the feeding microstrip line is connected to the horizontal metal line through a coupling section of length . The structure can also be viewed as two coupled monopole antennas with different orientation. The small inverted-L monopole antenna on the top of the substrate is designed for operation at the higher frequency, whereas the large monopole antenna on the bottom is for the lower frequency. The structure looks like an inverted-E shape. The complete structure shows that the antenna occupies a region of , which is about 50% of a typical PIFA with the ground size of . The small inverted-L antenna has a total length about a quarter wavelength of 5.25 GHz while the large one is with a length near a quarter wavelength of 2.45 GHz. In the design, the length of the coupling section is varied so as to get a good matching at both bands. The other lengths ( and ) are changed according to the required resonant lengths. Fig. 7 shows the EM simulation return loss (solid curve) of the designed dual-band antenna ( , , and ). The simulation result (dashed curve) for a small inverted-L antenna alone is also shown for comparison. It is seen that, the coupling PIFA structure does exhibit two wideband resonances, one at 2.45 GHz and the other at 5.25 GHz. In addition, note that the higher resonant band produced by the small inverted-L antenna has only a little change due to the placement of the large inverted-L.
To demonstrate the operation of this dual-band antenna, Fig. 8 performs the current distribution of each operation band. Fig. 8 shows the excited current distributions on the coupling PIFA at the lower (2.45 GHz) and higher (5.25 GHz) frequencies, respectively. At the lower frequency Fig. 8(a) , the resonant large inverted-L antenna extracts the current from the small one so that a typical PIFA current pattern is produced over the whole antenna structure. The small inverted-L serves as a feeding structure for the resonant large inverted-L antenna. And the large monopole strip forms a quarter-wavelength resonator. The current flows are in the same direction on the overlapped parts of small inverted-L and large monopole antenna, which enhances the horizontal radiation field. At the higher frequency Fig. 8(b) , both the small and large inverted-L monopoles have strong current distribution at 5.2 GHz. As predicted, the small inverted-L monopole does behave as a resonant quarter-wavelength one. The current on this small monopole induces that on the large one with a half-wavelength resonance. It is noticed that the induced current on the large inverted-L monopole is different from that of the second resonant mode of a direct-fed monopole (which is a three quarter wavelength resonance).
The coupled PIFA of Fig. 1(b) was fabricated on a FR4 substrate with thickness 0.8 mm. The used ground size is . The antenna occupies an area of . The other parameters are , , , , , , and the strip width of large monopole . Fig. 9 presents the measured return loss (solid curve), as a function of the frequency. The EM simulation result (dashed curve) is also shown for comparison. Both results agree well in the whole frequency range. The measured 10-dB bandwidth around 2.45 GHz is 240 MHz while the bandwidth around 5.25 GHz is 672 MHz. The measurement radiation patterns of the antenna are presented in Fig. 10(a) and (b) for 2.45 and 5.25 GHz, respectively. The total electrical field in and planes are quite omnidirectional for both frequencies. A peak gain of 1.2 dBi and average gain of are obtained with respect to 2.45 GHz in the plane, whereas a peak gain of 3.93 dBi and average gain of 1.16 dBi are gotten at 5.25 GHz. As the gain and pattern are similar with the spiraled inverted-F antenna, the antenna efficiency is also similar.
IV. CONCLUSION
In this paper, two novel PIFA-related dual-band antennas with spiraled and coupled structures have been proposed and demonstrated. Through the features of the conventional PIFA, we have reshaped the original antenna to a spiral structure for the purpose of miniaturization and dual-band operation. A dual-band equivalent circuit model for spiraled antenna has been developed as well in order to examine the effects with the tail of the antenna spiraled little by little. The size of the proposed spiraled antenna is about 50% of a conventional one.
Moreover, we introduced an alternative way for operating at dual frequencies by modifying the PIFA structure into two coupling inverted-L's with different sizes. The smaller one is responsible for the higher operating frequency, whereas the larger one is for the lower frequency. The simulation current distributions at the two frequencies have been shown for demonstration of the operation principle. The size of the proposed coupling PIFA structure is approximately 50% of a typical one.
Both the proposed PIFA-related miniaturized antennas not only hold most of the properties of the conventional antennas but also provide more options for dual-band antenna designs. The analysis of the antennas shows that the two operating frequencies at both 2.45 and 5.25 GHz can easily be tuned and the measured radiation patterns are well-behaved at both frequency bands with good antenna gains. Finally, since the bandwidths of the higher band for both antennas are about 700 MHz, it is easy, after upwards shifting the center frequency, to cover all signal frequencies (from 5.15 to 5.825 GHz) of the IEEE 802.11a WLAN application.
